The sequence of changes during germination of putrefactive anaerobe 3679h spores was studied under aerobic conditions in a solution containing L-alanine and sodium pyrophosphate. Evidence that specific changes occurred in two distinct regions of the spore is given by data on several criteria that were used to measure germination. During the initial stage of germination, the absorbancy decreased, dipicolinic acid was released, the spores lost their resistance to heat and toxic chemicals, and the spore periphery (cortex) darkened gradually under phase-contrast microscopy. The Vol. 94, No. 3 
The sequence of changes during germination of putrefactive anaerobe 3679h spores was studied under aerobic conditions in a solution containing L-alanine and sodium pyrophosphate. Evidence that specific changes occurred in two distinct regions of the spore is given by data on several criteria that were used to measure germination. During the initial stage of germination, the absorbancy decreased, dipicolinic acid was released, the spores lost their resistance to heat and toxic chemicals, and the spore periphery (cortex) darkened gradually under phase-contrast microscopy. The final stage of germination was characterized by changes in the central spore region (core), notably phase darkening of the spore center and stainability with mercurochrome, and by a slight additional absorbancy decrease.
Although several different methods can be used to measure germination of bacterial spores (1, 14, 17, 19) , the results obtained are not necessarily interchangeable. Some methods [absorbancy decrease and dipicolinic acid (DPA) release] measure changes in the suspension as a whole, whereas others (loss of thermoresistance, stain uptake, and refractility loss under phasecontrast microscopy) measure changes in individual spores. Furthermore, since the rates differ for individual events, germination data are affected by the length of incubation (14) .
Levinson and Hyatt (14) have described the sequence of germination events (29) , employing malachite green and mercurochrome, was used to determine the number germinated in 500 spores examined per sample. In several instances, differential staining results were compared with those obtained by simple staining with crystal violet or with methylene blue (13, 14) .
Spore darkening. Heat-fixed smears were prepared as described by Wolf and Thorley (27) and were examined microscopically under oil immersion with phase-contrast optics. On the basis of their phasecontrast appearance, spores were placed in one of three categories: (i) ungerminated, completely refractile spores (Fig. 1A) ; (ii) partially germinated, spores with a darkened peripheral region, but with a refractile central area (Fig. iB) ; or (iii) germinated, spores with darkening of both the center and periphery (Fig. IC) . For each sample, 500 spores were counted, and the percentage in each category was calculated.
Pronounced swelling, previously observed in a complex germination medium (3) a Spores were heat-shocked (25 min at 80 C) in the indicated medium and were incubated 6 hr at 45 or 60 C.
b Initial DPA content = 7.5% of spore dry weight.
C 100 mM L-alanine and 49 mm sodium pyrophosphate at pH 8.5.
tion at 45 and 60 C. At 45 C, all three criteria were in reasonable agreement, indicating that between 71 and 86% germination had occurred. At 60 C, however, only 1 % of the spores were stainable, even though absorbancy decrease and DPA release suggested that two-thirds of the spores had germinated. Microscopic examination revealed that phase darkening of spores at 60 C was not as complete as at 45 C. At 45 C, most of the spores were darkened throughout (Fig. 1C) ; at 60 C, only the peripheral regions of the spores had darkened, and the centers remained refractile (Fig. IB) . Heat-activation (25 min at 80 C) alone caused a slight absorbancy decrease (5% of maximum), 18 % release of DPA, negligible phase-darkening of the periphery, and no stainability.
Since elevated temperatures can cause considerable DPA release (2) , germination changes were also measured in spores incubated at 45 and 60 C in distilled water ( peripheral regions (Fig. 1D) , and did not become stainable.
Thermoresistance loss as a germination criterion.
Several observations indicate that germination of PA 3679h in alanine-pyrophosphate cannot be measured from the number of heat-resistant (ungerminated) spores present after incubation. First, only 78% of the initial (microscopic) spore count formed colonies when plated without heat activation (Table 2) . Second, after heat shock, the number of viable spores decreased by an additional 30%. (A comparable loss of viability also occurred when spores were heated-shocked in distilled water). Thus, thermoresistance data incorrectly suggest that 52% of PA 3679h spores had germinated (Table 2) , even though absorbancy, stainability, and DPA release data showed that germination did not occur during heat activation (Tables 1 and 2 ). Third, the spores lost viability during germination in the alanine-pyrophosphate solution. After 6 hr of incubation, only 5% of spores at 45 C and 9% of spores at 60 C could form colonies, even though plated without heating.
Toxicity of the germination solution. Appreciable loss of colony-forming ability at both 45 and 60 C in the germination solution ( a Spores were suspended in the germination solution (100 mM L-alanine and 49 mm sodium pyrophosphate at pH 8.5) and were incubated as indicated.
incubation at 45 C. Figure 2A shows that, during the early incubation period, the absorbancy decrease was more rapid than the development of stainability or complete (core) phase darkening. Stainability and phase darkening of the core increased at the same rate, suggesting that both criteria measure the same event after prior changes in the cortical region.
The survival curve of unheated spore samples taken at intervals during incubation shows that after 4 hr only 6% of the initial spores formed colonies (Fig. 2B) . Since only 47% of the spores were stainable or fully phase dark at this time ( Fig. 2A) , pyrophosphate toxicity must have affected an equal number of spores that were undergoing the initial germination stage. In a parallel set ot heated (15 min at 65 C) spore samples taken at the same intervals during incubation, the survival curve coincided with that shown in Fig. 2B . Therefore, at any time during germination in alanine-pyrophosphate, the viable survivors were resistant to heat as well as to pyrophosphate and should be regarded as dormant spores (Fig. 1A) Stainability with mercurochrome and complete (core) phase darkening of the spore occurred at the same rate ( Fig. 2A) . Therefore, either of these two criteria measures the final germination step. Spores that had undergone only peripheral changes (e.g., during early germination, incubation at 60 C, or autoclaving) did not stain with mercurochrome and should not be considered as germinated.
Staining with crystal violet and methylene blue did not differentiate between completely germinated spores and spores that had undergone changes in the periphery only. Both crystal violet and methylene blue were taken up by spores that had been incubated at 60 C and by autoclaved spores. Although the intensity of staining in these latter spores was less than that in completely germinated spores, uptake of basic stains was detectable. Therefore, simple staining did not differentiate qualitatively between completely germinated spores and those that had undergone only initial germination changes.
DISCUSSION
These results show that germination of PA 3679h consists of a sequence of events in two separate regions of the spore. Early events that occur in the peripheral region (cortex) of the spore are followed by additional events in the central region (core) leading to complete germination.
One can visualize germination as being opposed by two barriers, one located at the outer layer (spore coats) and the second at the core membrane. The first barrier can be broken by a wide variety of means, not all of which lead to complete germination. Early germination changes in the cortex can be induced either by compounds that promote physiological germination (5), such as L-alanine, or by drastic means, such as surface active agents (21), organic solvents (2), physical abrasion (19, 20) , lysozyme (4) , or heating (6) (7) (8) (9) .
During the initial stage of germination, DPA is released and the cortex disintegrates rapidly until it is completely destroyed (11, 16) . Several investigators have reported that resistance to heat (14, 15, 20, 28) and to toxic chemicals (14) are lost early during germination, even before all the DPA has been released (2, 15 The initial germination step can be measured by DPA release, the absorbancy decrease, gradual phase darkening of the periphery, and, in some cases, the loss of resistance to heat and toxic agents.
The second barrier controls the final germination step, probably by controlling permeability of the core membrane. Quite possibly, hydration (18, 19) occurs during the final germination step since swelling of the core is observed during germination in many species.
Selection of any single parameter or germination time may distort the estimation of germination (14) , as we have shown for spores incubated at 60 C (Tables 1 and 2 ; Fig. 1B) . Although it is a convenient and simple method, absorbancy decrease measurements are primarily an index of cortical changes. The differential staining method (29) , on the other hand, can be used as a single criterion for measuring the number of completely germinated spores. At present, there is no reliable way to quantitate cortical phase darkening during the initial stage of germination, since it is inherently difficult to evaluate the amount of phase darkening in individual germinating spores (17; H. Riemann, Ph.D. Thesis, Univ. Copenhagen, Copenhagen, Denmark, 1963). Nevertheless, phase-contrast appearance is the only criterion available for distinguishing qualitatively among ungerminated, partially germinated, and completely germinated spores in an asynchronous germinating suspension.
Pyrophosphate toxicity precludes heat resistance as a criterion for germination of PA 3679h in the L-alanine-pyrophosphate system. Since PA 3679h spores completed both germination stages in the presence of pyrophosphate, it is also apparent, as Powell has pointed out (17) , that a spore can germinate even though it is no longer viable.
